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Abstract
The cytotoxic and genotoxic effects of titanium dioxide (TiO2) nanoparticles when exposed to ultraviolet
(UV) radiation, particularly wavelengths between 320-400 nm, has raised concern over their safe use in
health and cosmetic related products such as sunscreens. Cerium dioxide (CeO2) nanoparticles have
been demonstrated to display biocompatible properties and antioxidant activity due to redox cycling of
the Ce3+/Ce4+ oxidation states. In this work, CeO2/TiO2 nanocomposites were prepared through a
standard precipitation method at atomic concentrations (at%) of Ce relative to Ti of 2.5, 5 and 10 at%,
with the aim of reducing the photocatalytic activity of the core TiO2 nanoparticles and improve
biocompatibility. The UV absorptive properties of the nanocomposite samples revealed excellent
absorbance across the UV region as compared to pristine TiO2 and CeO2. Furthermore, a drastic
reduction in the photocatalysed decomposition of crystal violet, when in the presence of the
nanocomposite samples, under both UV and solar simulated light was observed compared to the highly
photoactive pristine TiO2. An optimal CeO2 nanodot loading, displaying both high UV attenuation and low
photocatalytic performance was determined at 5 at% and further in vitro biological testing revealed
minimal impact on the cell viability of the human keratinocyte cell line (HaCaT) over a 24 h period with
and without prior exposure to UV irradiation. In contrast, pristine TiO2 nanoparticles induced toxicity to
HaCaT cells with prior UV exposure before incubation, particularly at a dosage of 100 mg L-1. Our findings
demonstrate the effectiveness of CeO2 nanodots in improving biocompatibility and its potential as a
coating material for active inorganic UV filters.
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Abstract
The cytotoxic and genotoxic effects of titanium dioxide (TiO2) nanoparticles when exposed to
ultraviolet (UV) radiation, particualrly wavelengths between 320-400 nm, has raised concern over their
safe use in health and cosmetic related products such as sunscreens. Cerium dioxide (CeO 2)
nanoparticles have been demonstrated to display biocompatible properties and antioxidant activity due
to redox cycling of the Ce3+/Ce4+ oxidation states. In this work, CeO2/TiO2 nanocomposites were
prepared through a standard precipitation method at atomic concentrations (at%) of Ce relative to Ti of
2.5, 5 and 10 at%, with the aim of reducing the photocatalytic activity of the core TiO 2 nanoparticles
and improve biocompatibility. The UV absorptive properties of the nanocomposite samples revealed
excellent absorbance across the UV region as compared to pristine TiO2 and CeO2. Furthermore, a
drastic reduction in the photocatalysed decomposition of crystal violet, when in the presence of the
nanocomposite samples, under both UV and solar simulated light was observed compared to the highly
photoactive pristine TiO2. An optimal CeO2 nanodot loading, displaying both high UV attenuation and

low photocatalytic performance was determined at 5 at% and further in vitro biological testing revealed
minimal impact on the cell viability of the human keratinocyte cell line (HaCaT) over a 24 h period
with and without prior exposure to UV irradiation. In contrast, pristine TiO2 nanoparticles induced
toxicity to HaCaT cells with prior UV exposure before incubation, particularly at a dosage of 100 mg
L-1. Our findings demonstrate the effectiveness of CeO2 nanodots in improving biocompatibility and its
potential as a coating material for active inroganic UV filters.
Introduction
The detrimental effects of extensive solar ultraviolet (UV) exposure have long been known and include
erythema (sunburn), pre-mature skin aging and skin cancer1-3. To counteract such adverse effects, the
application of sunscreen products containing active UV filtering ingredients is a common means of
protection. Such products may contain a combination of inorganic and organic compounds that provide
protection through processes of absorption, scattering and reflection of incident UV radiation4. Of the
inorganic compounds, the mineral compounds of titanium dioxide (TiO2) and zinc oxide (ZnO) are most
regularly used. Most research surrounding these materials has been conducted for the purpose of
utilizing their UV and visible light absorbing capabilities and include light-driven applications such as
water splitting, dye sensitized solar cells and self-cleaning glasses5,6. However, their high UV blocking
potential, chemical inertness and physical stability has also seen their broader commercial use in
cosmetic and therapeutic formulations7. Initially incorporated into formulations as pigmentary grade
particles, recent developments in technology has led to the increased use of nanoparticle materials in
the nanoscale size range of 20-50 nm. This in turn has provided sunscreen products with the ability to
provide enhanced UV protection, as well as increased cosmetic acceptability of such products by
offering transparency in the visible light region8. Despite concerns over the potential penetrative ability
of these nanoparticles, various dermal penetration studies have concluded that these particles, when in
the region of 20-50 nm in size, do not penetrate past the stratum corneum nor reach viable skin cells 912

. There is, however, conclusive in vitro evidence that shows these materials, as nanoparticles, can

impart cytotoxic and genotoxic effects on human cell lines, particularly when exposed to UV radiation
13-15

. When excited by UV radiation these materials may instigate the production of free-radical species,

such as reactive oxygen species (ROS), through the generation of electron/hole (e-/h+) pairs. Particularly
in the case of TiO2, a well-known and thoroughly used photocatalyst in applications such as dyesensitized solar cells and water splitting, such photocatalytic ability can severely impact the
photoprotective ability and length of protection provided by sunscreen products due to potential
photodegradation of other organic UV filtering ingredients

1,16-18

. Various other semiconducting

transition metal oxide nanoparticles also exhibit extensive UV and visible light absorptive properties,
including tungsten oxide (WO3), iron oxide (Fe2O3) and tin oxide (SnO4), however are also inapplicable
in such a sensitive application due to their ROS producing capabilities, accounting for their application
in light-driven water-splitting or dye-sensitized solar cells 19. The production of ROS species can also
induce states of oxidative stress in cells if internalized, leading to potential mutagenic effects and
premature cell death

20,21

. To counteract these issues, sunscreen manufacturers may incorporate

antioxidant compounds or apply inert coatings to the inorganic UV filtering nanoparticles as a means
of scavenging and/or minimizing any free radicals produced and potential interactions with other UV
filtering ingredients. The issues with these strategies, however, are that the antioxidant compounds
used are typically organic, which could increase the probability for an allergic reaction to occur when
applied to sensitive skin, whilst coating of TiO2 with materials such as silica (SiO2) and alumina (Al2O3)
does not necessarily enhance the efficacy of the overall formulation. For instance, various studies have
investigated the benefit of applying a silicon-based coating to the surface of photoactive TiO2
nanoparticles, with the subsequent photocatalytic activity appearing to be reduced

22-24

. Despite this

reduction, excessive coating can lead to a decrease in the UV absorptive ability of the core TiO2
particles, thus being detrimental to the overall effectiveness of its use in sunscreen products 25.
Because of the above, there is still critical need to develop methods or materials that suppress or
completely mitigate the photocatalytic ability of these photoactive nanoparticles whilst also
simultaneously maintaining or improving the UV attenuation and photostability of the subsequent
sunscreen formulation, ideally through some form of free-radical scavenging process. Minimisation or
removal of the cytotoxicity and phototoxic potential of these sunscreen-based materials is also an
essential component of increasing consumer safety 26. A promising candidate material that could act as

both part coating and antioxidant are cerium oxide (CeO2) nanoparticles. CeO2 nanoparticles have been
investigated previously specifically for potential use as a UV filter in sunscreen products in part due to
its UV absorbing ability, as a result of its wide band gap (3.19 eV) 27. It has also been shown to display
free-radical scavenging properties owing to its potential to cycle between the Ce3+/Ce4+ oxidation states
through redox mediated processes 28,29. In vitro studies involving human cell lines have also shown that
CeO2 imparts relatively low cytotoxic responses and minimal intracellular ROS production, further
evidencing its potential in biological oriented applications

30-32

. It has also been shown through

biological studies to act as a photo-protectant, specifically against UVA33. Composites of CeO2 with
TiO2 have been previously investigated, primarily for use in applications such as visible-light driven
photocatalyst 34, 35 and typically involve the formation of core-shell or doped structures 36-39. However,
there are limited reports of this composite material for targeted use in UV filtering applications. One
reported study though incorporates CeO2 as a partial coating for iron oxide (Fe2O3) nanoparticles which
yielded composite materials displaying improved UV absorbance selectivity and reduced photocatalytic
activity through free-radical scavenging 40. In this manner, the current study presents a material based
upon TiO2 nanoparticles encrusted with CeO2 nanodots for the purpose of minimizing free-radical
production of the core TiO2 nanoparticles upon UV radiation exposure whilst also maintaining UV
attenuating efficiency and reducing any potential cytotoxic and phototoxic effects on the HaCaT human
keratinocyte cell line.
Methods
Synthesis of CeO2 coated TiO2 nanoparticles
The synthesis of the CeO2 coated TiO2 nanoparticles follows a similar process previously outlined by
Cardillo et al, (2016)40. In summation, a suspension of the core TiO2 nanoparticles (0.5 g) (Degussa
P25, Evonik) was prepared in 50 mL of deionized (DI) water. Relative amounts of cerium (III) nitrate
hexahydrate (Ce(NO3)3.6H2O, 99%, Sigma Aldrich) were added so as to yield relative ratios of the
number of Ce atoms to the number of Ti atoms (atomic concentration; at%) of 2.5, 5 and 10 at%. The
suspension was heated to 60oC before 1 mL of concentrated ammonium hydroxide (NH4OH, 28.030.0% NH3 basis, Sigma Aldrich) was added drop wise, followed by the addition of 1 mL of hydrogen

peroxide (H2O2, 30 wt% in H2O, Sigma Aldrich). The precipitants were collected via centrifugation
(12,840 × g for 10 min) and washed several times with DI water and ethanol (CH3CH2OH, 96%, ChemSupply) before being dried at 100oC overnight and ground into a fine powder. A sample of purely CeO2
was prepared in the same manner as described in absence of the core TiO2 nanoparticles.
Characterization of structural and crystallographic properties
X-ray diffraction (XRD) patterns were collected for the prepared samples using a MAC Science
MO3xHF22 (MAC Science Ltd.) scanning between 2θ = 20-90o at a scan speed of 1.5o min-1 and step
size of 0.020o. The emission source used was a Cu Kα radiation source (λ = 0.15405 nm). Transmission
electron microscopy (TEM) and energy dispersive spectroscopy (EDS) was also performed on the
prepared samples using a JEM-2011 transmission electron microscope (JEOL) coupled with a 30 mm2
JEOL JED-2300 EDS detector.
Characterization of optical absorbance and band gap
Absorbance spectra were collected using a UV-1800 spectrophotometer (Shimadzu). Nanoparticle and
nanocomposite samples were dispersed in CH3CH2OH and homogenized via sonication (Branson 3800,
Ultrasonics Corp.) for an hour prior to analysis. Additionally, the extinction coefficient for each sample
was calculated from the calibration curve obtained from measuring the absorbance spectra at a range of
concentrations. Using the Beer-Lambert law:
A=εlc

(1)

where A is the absorbance (a.u.), l the path length (cm), c the concentration (mg L-1) and ε the extinction
coefficient (L mg-1 cm-1), with ε determined from the slope of the curves obtained . Furthermore, the
optical band gap of each sample was determined using the Tauc relation:
(αhv)n=A(hv-Eg)

(2)

where α is the absorption coefficient (cm-1), A an arbitrary constant, hv the photon energy (eV), Eg the
band gap and n the nature of transition between electronic band states. For the case of TiO2 and CeO2,
a value of n = 2 was used, corresponding to a direct transition type. A plot consisting of (αhv)n against

hv and extrapolating the linear region of the curve produced to the x-axis yields an estimation of the
optical band gap.
Evaluation of photocatalytic activity
The photocatalytic activities of the prepared nanoparticle samples were evaluated using the aqueous
triarylmethane dye, crystal violet (CV) (C25H30ClN3, ≥ 90%, Sigma-Aldrich). An RPR-200
photocatalytic reactor (Rayonet) lined with 350 nm and 300 nm phosphor-coated lamps were used as
the irradiation source. A 100 mL suspension of the nanoparticle sample being tested (5 mg L-1) was
prepared in a solution of the dye (5 mg L-1) and transferred to a quartz beaker and left to stir in darkness
for 30 min. The mixture was then irradiated for a period of 60 min and 10 mL aliquots collected
periodically every 10 min. The resultant degradation was assessed via UV-Vis spectroscopy using a
UV-1800 Spectrophotometer (Shimadzu) by measuring the changes in the major absorbance peak of
the dye (λ = 590 nm). The photocatalytic capabilities of the prepared materials were further assessed
under a simulated solar spectrum. A halogen lamp (50 W power) was used, and the degradation of the
CV dye measured through irradiation by AM 1.5 G one sun (1000 mW cm-2) for a period of 4 h and
sampling points of 30 min. Each nanoparticle and nanocomposite sample was tested in three separate
experiments, for both UV and solar-simulated light exposure, and the mean degradation at each time
interval taken.
Cell culture
The adherent immortalized human keratinocyte cell line, HaCaT41, was used for all cell culture
experiments and were originally provided by Dr. J. Guy Lyons (University of Sydney). Short Tandem
Repeat Profiling (Garvan Institute of Medical Research) verified the identity of the cells. The cells were
maintained in phenol red Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12,
Thermo Fisher Scientific) supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS,
Bovogen Biologicals), 100 U mL-1 penicillin/100 µg mL-1 streptomycin (Thermo Fisher Scientific) and
2mM GlutaMAXTM (Thermo Fisher Scientific) and incubated at 37oC with 5% (v/v) CO2 in 75 cm2
tissue culture flasks (Greiner Bio-One). Cells were passaged twice weekly when the confluency of cells

had reached ≥90%. Cells were routinely negative for mycoplasma (MycoAlert Mycoplasma Detection
Kit, Lonza).
In vitro cell viability assays with/without UV irradiation
The viability of the HaCaT cell line under the influence of the selected nanoparticle and nanocomposites
samples was tested using the MTS assay kit (CellTiter 96®AQueous One Solution Cell Proliferation
Assay Kit, Promega). In a typical MTS assay, 100 µL of the cells were seeded in a 96-well plate at a
concentration of 8-10×103 cells well-1 and incubated for 24 h at 37oC with 5% (v/v) CO2 to enable
adhesion to the bottom of the wells. Suspensions of the prepared nanocomposite and pristine
nanoparticle samples were prepared in the same complete medium used for culturing the cells and
sonicated for 1 h to give a concentration of
500 mg L-1. The suspensions were then further diluted and added to the wells containing cells at
concentrations of 0, 1, 3, 10, 30, 100 and 300 mg L-1, before incubation for 24 h at 37oC with 5% (v/v)
CO2. A volume of 20 µL of MTS reagent was then added to each well tested after 20 h before being
incubated a further 4 h to enable colour development. The plates were centrifuged at 750 × g for 10 min
and 80 µL aliquots were transferred to a new plate and read using a microplate reader (SpectraMax 384
Plus, Molecular Devices) at λ = 490 nm. Each assay was performed in triplicate for each tested material
and repeated in three separate experiments, with the data presented as the change in HaCaT cell viability
(% of control) with change in sample concentration.
The photo-induced toxicity of the nanoparticle and nanocomposite samples were also examined. In
these experiments, cells were seeded at an initial density of 30×103 cells well-1 and 100 µL volume and
allowed to adhere and grow for 24 h. Due to the nature of the experimental design and variance of the
lamp intensity with distance, three concentrations were chosen, namely, 25, 50 and 100 mg L-1. After
the initial 24 h incubation period, nanoparticle suspensions were prepared in Dulbecco’s phosphate
buffered saline (DPBS, no Ca2+ or Mg2+, Thermo Fisher Scientific) and sonicated for 1 h at a
concentration of 500 mg L-1. All media was removed from test wells and replaced with a mixture of
DPBS and the nanoparticle/nanocomposite sample being tested, so as to yield the desired concentration

and total volume of 100 µL. The particles were allowed to settle for 1 h to enable interaction with the
cells and to form a film atop of the adherent cell line. A 300 W sunlamp (Ultra-Vitalux, OSRAM) was
used as the light source and was pre-run for 1 h to allow for output stabilization. The emission profile
for the sunlamp is given in Fig S1. The UVA/UVB light intensity of the sunlamp was measured using
a UV detector (Model 850009, Sper Scientific). The open plates containing the nanoparticles and cells
were exposed to the light source for either 5 or 15 min at an intensity of 6 mW cm -2 whilst sitting atop
an ice block so as to minimize the effects of heat generated by the lamp. After the exposure period, all
DPBS from each well used was removed and replaced with 100 µL of fresh complete medium. The
cells with the nanoparticles tested were incubated together for a further 24 h and the cell viability
assessed in the same manner as outlined for the assays in absence of the UV source. A control plate
consisting of HaCaT cells was prepared concurrently and treated in the same manner as the test plates
without exposure to the sunlamp. The reduction in cell viability, as measured through absorbance
readings at λ = 490 nm, for all wells exposed to UV was normalized to the cell viability of the control
plate in absence of UV exposure and presented as the change in HaCaT cell viability (% of control) at
differing sample concentrations. Each nanoparticle and nanocomposite sample were tested in triplicate
per experiment and three experiments performed for each concentration tested.
Data presentation and statistical analysis
Data is presented as mean ± standard error of mean (SEM). One-way ANOVA and Tukey post-hoc
statistical analysis was performed to assess statistical differences between the nanoparticle and
nanocomposites samples tested using OriginPro. Statistical significance was determined at the 95% and
99% confidence levels (p < 0.05 and p < 0.01, respectively).

Results and Discussion
Figure 2 highlights the XRD patterns obtained for the nanocomposite and pristine CeO2/TiO2 samples
prepared. For the pristine TiO2 (P25), the diffraction pattern obtained corresponds to a mixed phase of
anatase (PDF card 03-065-5714) and rutile (PDF card 03-065-1119) crystal forms, as has been
previously reported for Degussa P25 TiO242. The peak broadening observed for the anatase and rutile
reflections in each of the TiO2 containing samples is also indicative of the nanocrystalline nature of the
core material, as evidenced by the mean crystal size of 27±3 nm, calculated from the Scherrer equation
and the full-width half maximum (FWHM) of the anatase (101) reflection (Equation S1). As for the
pristine CeO2 sample, the pattern obtained was identified as the cubic (fluorite) (PDF card 01-089-8436)
crystal phase, with broad diffraction peaks similarly due to the nanocrystalline nature of the particles
produced (4.8±0.9 nm)43. In the case of the nanocomposite samples, there is little variation between the
patterns obtained, particularly in the case of the 2.5 at% and 5 at% samples, and no evidence of a
secondary phase corresponding to CeO2 is evident. However, for the 10 at% nanocomposite sample, a
shoulder appears off the (110) rutile reflection at approximately 2θ = 28o, corresponding to the (111)
CeO2 crystal plane, likely a result of the increased CeO2 loading.
Surface composition analysis performed using high resolution XPS further reveals the presence of Ce
in the nanocomposite samples. Figure 3 highlights the Ti 2p and Ce 3d spin-orbit splitting regions for
each of the nanocomposite and pristine CeO2/TiO2 samples. Peak deconvolution of the Ti 2p region for
pristine TiO2 (P25) (Fig. 3 a) reveals the presence of a doublet pair corresponding to the 2p1/2 and 2p3/2
degenerate electron spin states of the tetravalent titanium (Ti4+) ion44.
In addition, the energy separation (∆E = 5.91 eV) between the In addition, the energy separation (∆E =
5.91 eV) between the two peak positions for the 2 p1/2 (463.9 eV) and 2 p3/2 (457.9 eV) peaks agree well
with those previously reported for P2545,46. No peaks due to splitting of Ce 3d orbitals was observed for
the pristine TiO2 (P25), as expected. In the case of the pristine CeO2 sample (Fig. 3 e), a six peak Ce 3d
splitting pattern was observed. Peak deconvolution yielded three pairs of d orbital emission doublets
with spin states of j = 3/2 or 5/2 attributed to tetravalent Ce (Ce4+) along with two doublet pairs attributed
to trivalent Ce (Ce3+). The presence of these mixed oxidation states in nanoparticulate CeO2 has been

previously reported, although no evidence of Ce2O3 is observed through XRD (Fig. 2)47. This could be
due to a combination of the small crystal size of the material leading to significant peak broadening and
a low amount of Ce2O3 relative to CeO2, resulting in a masking of the Ce2O3 contributions to the XRD
pattern48,49. As is expected, no evidence of Ti is observed in the pristine CeO2 sample. XPS spectra of
the nanocomposite samples highlight peaks from both the Ti 2p and Ce 3d orbitals of TiO2 and CeO2.
In addition, the intensity of both the Ti 2p and Ce 3d peaks vary according to the loading of CeO2. As
the loading of CeO2 increases, the intensity of the Ce 3d peaks increases whilst, conversely, the Ti 2p
peak intensities decrease accordingly. Furthermore, it is evident in the 10 at% CeO2/TiO2 XPS spectra
that Ce is present as a mixture of the 3+/4+ oxidation state. Although deconvolution yielding peaks due
to Ce3+ spin states become less clear in the 2.5 at% and 5 at% nanocomposite samples, considering that
the synthesis method employed for preparing the nanocomposites relative to the pristine CeO 2 is the
same, it can be inferred that the Ce present in these samples also exists as some ratio of the 3+/4+
oxidation states.
Table 1 and Figures 1, 4 and 5 list and highlight the results obtained from the EDS/TEM analysis. The
Ce atomic concentrations for the nanocomposite samples were determined to be 1.4±0.3, 4±1 and 11±5
at% for the 2.5, 5 and 10 at% nanocomposite samples, which are in reasonable agreement with the
desired concentrations. In addition to the Ce content, the mapped images also provide an indication of
the quality of the CeO2 nanodot encrusting process. For each sample, it is evident from the images
obtained (Fig. 5) that the CeO2 nanoparticles tended to precipitate as clusters as opposed to a layered
coating atop the core TiO2 particle surface. The Ce3+ ions from the nitrate precursor appear to have
coordinated towards the surface of the core TiO2 nanoparticles prior to precipitation and resulting in the
clustering of CeO2 nanoparticles after the addition of NH4OH, as illustrated in Figure 1. This was
expected, particularly for the 2.5 and 5 at% CeO2/TiO2 samples, due to the low CeO2 loading applied.
However, this was also observed for the higher concentration 10 at% CeO2/TiO2 sample where this
clustering or agglomeration was most prominent, suggesting even at 10 at%, higher concentrations of
CeO2 would be needed for full coverage. The addition of some form of surfactant or binding agent to
the surface of the core TiO2 nanoparticles prior to precipitation may have aided in reducing

agglomeration of the CeO2 nanoparticles and in obtaining a more uniform coating or deposition of the
CeO2 nanodots. However, complete coverage of the core TiO2 nanoparticles could also affect the
performance of the nanocomposite materials in terms of UV attenuation. Reducing the surface area of
exposed TiO2 in the nanocomposite samples would likely result in reduced UV absorption performance,
particularly in the important UVB (290–320 nm) and UVA (320–400 nm) wavelength bands associated
with sun damaging effects.

The mean size of the CeO2 nanodots formed on the surface of the core TiO2 nanoparticles of the 10 at%
CeO2/TiO2 nanocomposite sample were measured and averaged. The mean size calculated for this
sample corresponded to 4.6±0.8 nm (Fig. 4). This value also corroborates with the mean crystallite size
of 4.8±0.5 nm, calculated from the pristine CeO2 XRD pattern using the Scherrer equation. It has been
reported that the size of CeO2 nanoparticles is important in terms of its redox activity and contributes
to the coexistence of the 3+/4+ oxidation states of Ce and the presence of Ce3+ surface sites and oxygen
vacancies50. This is thought to bring about the prominent antioxidant properties of these nanoparticles
and their ability to scavenge ROS51. It has been predominantly found that, as the size of the CeO2
nanoparticle decreases, an increase in the antioxidant activity is observed40,50,52. In the case of the 2.5
at% and 5 at% CeO2/TiO2 samples the particles of CeO2 present appear to be smaller than those found
in the 10 at% sample, suggesting sizes below a mean of approximately 5 nm. This could lead to a further
increase in the presence of surface Ce3+ sites that contribute to the ROS scavenging ability of these
materials at these loading concentrations.

Dilute UV-Vis absorption spectroscopy was performed to ascertain the effects of ceria loading on the
optical absorption properties of the nanocomposite materials. Figure 7 highlights the absorption spectra
obtained for the nanocomposite materials, as well as the pristine CeO2 and TiO2 (P25) nanoparticles for
30 mg L-1 suspensions prepared in CH3CH2OH. Values for the extinction coefficients (ε) were
calculated from calibration curves (Fig. S2 and Fig.7 b) for each sample and were determined to be

44±1; 21.9±0.7; 28.6±0.6; 20.0±0.4 and 10.9±0.3×10-3 L mg-1cm-1 for TiO2 (P25), the 2.5 at%, 5 at%
and 10 at% CeO2/TiO2 nanocomposites and CeO2, respectively. For the pristine CeO2 nanoparticles, the
absorbance and extinction coefficient (ε = 10.9±0.3×10-3 L mg-1cm-1) relative to the other nanoparticle
and nanocomposite samples is considerably lower, with the major absorbance peaking at the higher
energy end of the UVB region (~305 nm). For each of the TiO2 containing samples tested, the primary
absorption band was observed within the UVB region, with the major peak absorption spanning
between 290–320 nm, although substantial absorbance is also observed within the UVA region,
accounting for its commercial use in commercial UV filtering products.

Table 1: Experimental results for the nanocomposite and pristine samples prepared, detailing Eg and ε
values calculated from absorbance spectra.

a

Sample

Eg (eV)

ε (L mg-1cm-1) (×10-3)a

Ce/Ti (at%)b

TiO2 (P25)

3.30±0.02

44±1

N/A

2.5 at% CeO2/TiO2

3.23±0.01

21.9±0.7

1.4±0.3

5 at% CeO2/TiO2

3.26±0.02

28.6±0.6

4±1

10 at% CeO2/TiO2

3.21±0.01

20.0±0.4

11±5

CeO2

3.28±0.01

10.9±0.3

N/A

These values correspond to extinction coefficients calculated at the wavelengths of maximum absorption for

each sample at a concentration of 30 mg L-1. b Atomic loadings as determined from EDS analysis. The errors
shown are the standard deviation between triplicate measurements.

The lower absorbance and extinction values for the nanocomposite samples, as compared to the pristine
TiO2 (P25) nanoparticles would indicate minimal synergistic effect from the CeO2 coupling concerning
these optical properties. Furthermore, as mentioned previously, the lower optical performance for the
nanocomposite samples could be attributed to the reduction in TiO2 surface area exposed to the incident
light source, thus lower absorption contributed by the TiO2. Despite displaying lower absorbance than
the pristine TiO2 (P25), the nanocomposite samples still display substantial UV absorption, highlighting

their promise as UV protection agents. They also display a higher degree of transparency in the visible
light region (400–700 nm) compared to the pristine TiO2 (P25), making them cosmetically
advantageous for use in sunscreen formulations. Notably, the extinction coefficient increased from 2.5–
5 at% CeO2 loading but decreased between the 5 and 10 at% samples. The respective increase and
decrease suggests that some optimal CeO2 loading amount aids in improving the UV attenuation of the
core material, as evidenced by the improvement between the 2.5 at% and 5 at% samples in absorbance
across the UV region. However, further loading of CeO2 in the 10 at% sample increases the surface
coverage of the core TiO2 nanoparticles. As such, any synergistic effects imparted by the CeO2/TiO2
coupling towards UV attenuation is being mitigated by the reduction in available TiO2 surfaces
available for efficient absorption. Band gap values were calculated for each sample from their
corresponding Tauc plots (Fig. S3) and are listed in Table 1. The band gap (Eg) value of 3.30±0.02 eV
for the pristine TiO2 (P25) nanoparticles is in reasonable agreement with other reported findings for the
commercial product53. A slightly lower Eg value was obtained for the pristine CeO2 nanoparticles
(3.28±0.01 eV) as compared to TiO2 (P25). As with the extinction coefficients and absorbance
efficiencies, the Eg values tended to increase from 2.5–5 at% CeO2, then decreased again at a CeO2
loading of 10 at%. However, the separation between Eg values calculated from the nanocomposite
samples only vary between 1–3%, which is insubstantial to suggest major modification to the core TiO2
nanoparticles due to the CeO2 loading. This could be considered beneficial, in the sense that TiO2 is
already considered a highly effective UVB absorber and so, keeping the Eg of the nanocomposite
materials to within this range is beneficial for ensuring suitable UV filtration when employed in sun
protecting products.

The photocatalytic activities of the nanocomposite samples were evaluated by measuring the
degradation of CV dye under UV and solar-simulated light irradiation over a period of 1 and 4 h,
respectively. The degradation kinetics in such dye-photocatalyst systems have been previously ascribed
to follow a pseudo-first-order reaction rate as according to the Langmuir-Hinshelwood model54.

Through this model, a simplified expression is generated when the initial concentration of dye (C o) is
small and presented as follows:
ln(Co/C)=kappt

(3)

Where C is the concentration of the dye at a given time t (min) and kapp the apparent rate constant (min1

). Figure 8 a and Table 2 highlight the photodegradation efficiencies and rate constants determined for

the degradation of CV in the presence of the nanocomposite and pristine powder samples under UV
irradiation. Of the samples tested, pristine TiO2 (P25) nanoparticles displayed the highest degradation
rate (kapp = 53.8±2.0×10-3 min-1), nearly completely degrading the CV dye within the 1 h irradiation
time. The photocatalytic degradation of dyes in the presence of TiO2 has been thoroughly studied, and
it is well understood that, upon excitation by photons higher in energy than its respective band gap, the
formation of photoexcited e-/h+ pairs occurs54-56. These photoexcited species can then reduce/oxidise
the dye directly or interact with dissolved oxygen (O2) or other oxygen containing species present, such
as water (H2O), to produce ROS that cause degradation indirectly. The efficiency of this degradation
process is strongly dependent on the recombination rate of these photoexcited species as a percentage
of the incident photon rate, known as photonic efficiency57. TiO2 has been shown to have a relatively
high photonic efficiency in comparison to other semiconducting materials which, combined with its
relatively cheap manufacturing, explains its extensive use and study in photocatalysis. Furthermore, the
mixed anatase/rutile composition of the TiO2 (P25) tested has also been previously shown to display
photodegradation efficiencies greater than either single phase58. The 2.5 at% CeO2/TiO2 nanocomposite
exhibited the second highest degradation rate (11.7±0.6×10-3 min-1) and reduced the dye concentration
to approximately 50%. For the remaining samples, very low degradation rates were observed with kapp
values of 1.3±0.2, 0.9±0.1 and 0.5±0.1×10-3 min-1 determined for the 5 at% CeO2/TiO2, 10 at%
CeO2/TiO2 and pristine CeO2 samples, respectively.

The substantial reduction in photoactivity for the nanocomposite and pristine CeO2 could, in part, be
attributed to the lower UV absorbing capabilities of these materials in comparison to pristine TiO2 (P25)

(Fig. 7 a), however, one particular nanocomposite stands out from the rest. The near negligible
degradation observed in the case of the 5 at% nanocomposite does not coincide with its still relatively
high UV absorbance properties. Combined with the minimal modification seen in the band gap of this
nanocomposite compared to the pristine TiO2 (P25) sample, the low photoactivity observed could be
attributed to a reduction in ROS generation (due to increased recombination of charge carriers) or ROS
scavenging (due to the presence of CeO2). For the latter case, it could be suggested that the effect is
dependent on the loading of CeO2. Despite displaying lower UV absorbance efficiency than the 5 at%
nanocomposite, the 2.5 at% sample displayed much higher photoactivity under UV irradiation (kapp =
11.7±0.6×10-3 min-1 compared to kapp = 1.3±0.2×10-3 min-1). This could suggest that at this CeO2 loading
ratio, the ability for the CeO2 present to act as an antioxidant is outweighed by the photocatalytic activity
of the core TiO2, in spite of the lower absorptive properties. However, as the CeO2 loading is increased,
a drastic reduction in degradation is observed as well as a peaking in UV absorbance for the 5 at%
loaded sample before decreasing again in the 10 at% loaded sample. It is thus evident that there is a
trade-off between obtaining the antioxidant properties of the CeO2 surface loaded nanoparticles with
maintaining adequate UV protection afforded mainly by the core TiO2 nanoparticles and is influenced
by the loading concentration. Figure 8 b highlights the photodegradation results for the samples tested
when exposed to solar simulated light. In a similar manner to the UV photodegradation tests, the pristine
TiO2 (P25) displayed vastly superior photocatalytic activity (kapp = 8.16±0.17×10-3 min-1) as compared
to the nanocomposite and pristine CeO2 samples. Furthermore, the photocatalytic activity of the
nanocomposite samples under solar simulated light follows the same trend observed when exposed to
only UV radiation, with greater CeO2 loading leading to a lower perceived activity (kapp = 1.43±0.03,
0.62±0.04, 0.44±0.04×10-3 min-1 for the 2.5 at%, 5 at% and 10 at% CeO2/TiO2 nanocomposite samples,
respectively). Similarly, the reasons for this trend across the nanocomposite samples are likely similar
to those outlined previously for the UV photodegradation results since there is little direct absorbance
within the visible light region for the nanocomposite samples from which changing the light source can
have a major impact.

Notably, the pristine CeO2 sample when exposed to simulated solar light displayed an enhancement in
photoactivity as compared to when exposed purely to UV, but still afforded some protection for the dye
itself against decomposition by solar simulated light. A possible explanation as to why the protective
effect of CeO2 in this case is not as pronounced as compared to the nanocomposite samples, where the
CeO2 loading is significantly lower, could be due to the influence of surface defects and surface defect
concentration. The main type of surface defect that occurs with ceramic nanoparticles are oxygen
vacancies which, in the case of CeO2, results in the reduction of surface Ce4+ to Ce3+, so as to
compensate for the effects of electrostatic forces. The presence of these surface based Ce3+ states
suggests the presence of Ce2O3, a phase not observed in XRD analysis of the pristine CeO2 since it is
limited to the surface and likely masked by the higher volume loaded CeO2 phase. Ce2O3 enables the
absorption of visible light wavelengths and has been reported to have a significantly smaller band gap
than CeO2 of 2.40 eV59,60. The reason such absorption features were not evidenced in the absorption
spectra of CeO2 could be attributed to the very fact that it is a phenomenon strictly limited to the surface
of the CeO2 nanoparticles, whereas absorption spectroscopy considers the entire bulk. Because of the
additional limited visible light absorption afforded, the CeO2 scavenging capabilities are also in direct
competition with the photocatalytic properties of the material from both UV and visible light excitation.
However, the contribution to photocatalysis due to visible light excitation in pristine CeO 2 is still not
so significant since the dye itself is still afforded some protection over the 4 h exposure period as
compared to the dye degradation in absence of any catalyst. This effect is also further limited in the
case of the nanocomposite samples due to the reduced loading of CeO2 in these samples relative to the
pristine CeO2 and thus a more pronounced reduction in photocatalytic activity is observed instead.
It can be concluded from these photodegradation experiments that the application of CeO2 to the surface
of highly photoactive TiO2 nanoparticles can influence the photocatalytic performance. The drastic
reduction in photocatalytic activity observed for the nanocomposite samples relative to the pristine TiO2
(P25) sample adds further evidence towards to the potential of CeO2 as new additive coating material
for inorganic UV filters.

Table 2: Photodegradation data detailing the CV degradation percentage and rate of degradation, k app,
for the pristine and composite samples under UV and solar simulated (AM1.5G) radiation.
Dye degradation

Rate constant kapp (min-1)(×10-3)

UV

AM1.5G

UV

AM1.5G

TiO2 (P25)

96

86

53.8±2.0

8.16±0.17

2.5 at% CeO2/TiO2

52

29

11.7±0.6

1.43±0.03

5 at% CeO2/TiO2

8

13

1.3±0.2

0.62±0.04

10 at% CeO2/TiO2

5

9

0.9±0.1

0.44±0.04

CeO2

3

30

0.5±0.1

1.51±0.03

Sample

Cell cytotoxic and phototoxic assays were performed using the pristine TiO2 and CeO2 nanoparticle
samples, as well as the 5 at% CeO2/TiO2 as a result of the low photocatalytic activity and high UV
attenuation it displayed, making the ideal sample for testing amongst the different CeO2 loaded samples
prepared. The HaCaT cell line was chosen for both cytotoxic and phototoxic assays as it is composed
of keratinocytes, the major cell type of the epidermis and the superficial layers of skin in most intimate
contact with external contaminants61,62. Figure S5 highlights changes in the cell viability of the HaCaT
cells when exposed to increasing concentrations of pristine TiO2 (P25), CeO2, the 5 at% CeO2/TiO2
nanocomposite and a known nanoparticulate toxicant, ZnO (Sigma Aldrich, size < 100 nm)63,64. Cell
viability was reduced significantly after 24 h incubation in the presence of the tested ZnO nanoparticles
at concentrations above 10 mg L-1. From the concentration-response curve obtained, the half maximal
inhibitory concentration (IC50) for ZnO nanoparticles tested was reached and calculated to be 16±1 mg
L-1. In contrast, cell viability was only partially reduced in the presence of CeO2, TiO2 (P25) or 5 at%
CeO2/TiO2 with cell viability significantly greater than that of cells incubated in the presence of
corresponding cytotoxic concentrations of ZnO. Unlike ZnO nanoparticles, for the pristine and
nanocomposite samples the half maximal inhibitory concentration could not be reached and the final
cell viabilities of HaCaT cells at the highest concentration tested (300 mg L-1) were only reduced to
87±5 %, 79±9% and 70±10% for the CeO2, 5 at% CeO2/TiO2 and TiO2 (P25) samples, respectively.

The cell viability reduction observed across all tested concentrations did not vary substantially between
samples, suggesting minimal differences in toxicity for the samples tested and a marginal influence of
the CeO2 loading on the core TiO2 nanoparticle toxicity in absence of external UV radiation sources.
Figure 9 depicts the MTS assays performed with the HaCaT cell line and the pristine and nanocomposite
samples under UV exposure for 5 and 15 min prior to the 24 h incubation period. Under both exposure
periods, a significant reduction in viable cells relative to the control was observed in absence of the test
samples. This is a consequence of the highly cytotoxic and genotoxic effects of UV radiation, which
comprises of highly energetic wavelengths capable of inducing DNA lesions and elevating intracellular
ROS levels, causing oxidative stress and leading to apoptosis65,66. For the 5 min UV exposure period
(Fig. 9 a), the percentage of viable cells incubated with the test nanoparticle samples at 50 and 100 mg
L-1 did not vary significantly to the viability of the cells incubated in absence of test sample. This
coincides with the relatively low toxicity observed from the MTS assays performed in absence of UV
light at these concentrations (Fig. S5). However, each test sample at 100 mg L -1 caused a small but
statistically significant increase in cell viability compared to cells exposed to UV light in the absence
of each corresponding test material. This would suggest that, despite exposure to UV radiation for the
allotted period, some protective effect was afforded by the tested samples. Indeed, as has been shown
through UV-Vis absorption spectroscopy (Fig. 7), each of the tested samples, to a varying degree,
display UV absorptive capabilities. However, with this screening and thus absorption of the incident
UV by the samples tested, ROS generation was expected to occur, particularly for the TiO2 (P25) sample
which was shown to have prominent photocatalytic properties (Fig. 8). One possible reason as to why
this protective effect is more apparent than the potential toxicological effects of ROS production could
be due to a lack of cellular internalization of the nanoparticles, leading to insubstantial cellular damage
and impairment of metabolic activity. Another possibility is that, for the time period and intensity of
UV emitted to the cells and the tested samples, the rate of ROS production was insufficient to induce a
state of oxidative stress. Most animal cells contain natural enzymatic antioxidants to counteract ROS
and other free radicals produced as by-products of metabolism or, such as in this work, ROS produced
indirectly by UV radiation67,68.

For the 15 min UV exposure period (Fig. 9 b), an overall decrease in cell viability is observed across
all samples and concentrations as compared to the 5 min exposure period, simply as result of the higher
dose of UV radiation impacting the cells. In contrast to the 5 min exposure period results (Fig. 9 a), a
significant decrease in cell viability was observed when incubated with the TiO2 (P25) nanoparticles at
a concentration of 100 mg L-1 compared to UV exposed cells incubated in the absence of test sample.
In this instance, the rate of ROS production may be exceeding the rate at which these species can be
scavenged by natural cellular processes, leading to a state of oxidative stress, metabolic impairment and
potentially cell death. In addition, the screening effect afforded by the UV absorbing TiO2 (P25)
nanoparticles is also outweighed by its potential free radical production, leading to cell damaging effects
akin to the degradation of CV during the photodegradation experiments. In the case of the pristine CeO2
nanoparticles, cell viability was maintained at 25 mg L-1 whilst an increase in cell viability was observed
for CeO2 nanoparticle concentrations at 50 and 100 mg L-1 compared to UV exposed cells incubated in
the absence of test sample. As with the 5 min exposure period tests, the increase in cell viability at these
higher test concentrations could be a result of the UV shielding afforded by the absorptive properties of
the particles. Contributions from the free radical scavenging ability of the CeO2 nanoparticles could
also be aiding in protecting the cells from photo-induced ROS and in minimizing oxidative damage68.
A combination of both free radical scavenging and UV shielding by the CeO2 nanoparticles is likely the
cause for the perceived increase in cell viability seen at these higher concentrations, as has been
previously shown29. It can also be seen that the loading of CeO2 nanoparticles at the surface of TiO2
has an impact on the phototoxicity of the core material. Cell viability was maintained across all tested
concentrations for the 5 at% CeO2/TiO2 sample as compared to UV exposed cells incubated in the
absence of test sample. The significant difference in cell viability between the pristine TiO2 (P25)
nanoparticles and the nanocomposite sample, particularly at concentrations of 50 and 100 mg L -1,
suggests that the application of CeO2 at this loading concentration is sufficient in mitigating the
potentially phototoxic properties of the core TiO2. The reason for this could impart be due to a reduction
in TiO2 surface active sites due to coverage by the CeO2 nanoparticles, as had been previously suggested

in explaining its low photocatalytic activity towards the degradation of CV. It is also possible that the
biocompatibility of TiO2 in the nanocomposite materials has been improved due to the low toxic and
phototoxic effects exerted by the application of the CeO2 nanoparticles and the potential scavenging of
photo-produced ROS, as demonstrated by the pristine CeO2 nanoparticles in this work.
Conclusions
Commercially used TiO2 nanoparticles in sunscreen products have the potential to generate free-radical
species such as ROS when exposed to UV radiation. Such free radical species have been shown to cause
oxidative damage to other active sunscreen ingredients, leading to a loss in protection, as well cause
cytotoxic and genotoxic effects to human cell lines, particularly when exposed to UV radiation. Thus,
modification of the photocatalytic activity of these particles whilst maintaining adequate UV attenuation
is essential for their continued safe use in such products. The addition of free radical scavenging CeO2
nanodots through a simple precipitation method to the surface of highly photoactive commercial TiO2
nanoparticles was employed to demonstrate an alternative to classic silica and alumina based coatings.
It was shown that an optimal CeO2 nanodot loading of 5 at% was required for drastically reducing the
photocatalytic activity of the core TiO2 whilst also maintaining excellent UV absorptive properties.
Furthermore, the phototoxic properties of the core commercial TiO2 nanoparticles towards HaCaT cells
were shown to be diminished in the nanocomposite sample due to the potential biomimetic antioxidant
behaviour of CeO2. Thus, we have demonstrated the potential for CeO2 nanodots as an additive to
commercial sunscreen active TiO2 that can help improve biocompatibility, provide UV protection and
minimize formulation degradation. The facile preparation of the nanocomposite material also
demonstrates wider-applicability to the preparation of various oxide nanocomposite systems. Further
study and application of this synthesis approach, enabling some degree of control over ROS generation
by photocatalytic materials, may lead to future advances light-driven catalytic applications.
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Figure 1: Synthesis scheme for preparation of the conceptualized
low photocatalytic CeO2/TiO2 nanocomposite particles.

Figure 2: XRD patterns for the as-prepared
nanocomposites as well as for pristine TiO2 (P25) and
CeO2. Peaks indexed for the TiO2 and CeO2 containing
samples according to the following PDF cards: Anatase
(03-065-5714), Rutile (03-065-1119), CeO2 (01-0898436).

Figure 3: Narrow XPS spectra and fitted peaks of the Ti 2p (left column) and Ce 3d
(right column) regions for the a) pristine TiO2 (P25), b) 2.5 at%, c) 5 at%, d) 10 at%
CeO2/TiO2 nanocomposites and e) pristine CeO2. Each spectra includes lines for
the raw data, fitted peaks and envelope for each peak fit (excluding spectra
where no peaks were observed).

Figure 4: TEM micrographs and EDS mapped images of
the 10 at% nanocomposite CeO2/TiO2 sample where a)
corresponds to the base dark field image, b) the Ti
content and c) the Ce content.

Figure 5: HRTEM images of the 10 at% CeO2/TiO2
nanocomposite sample obtained in a) dark field and b)
bright field imaging modes. c) Particle size distribution
of the CeO2 nanoparticles present on the surface of
TiO2 nanoparticles in the 10 at% nanocomposite
sample.

Figure 6: Bright field and corresponding dark field
images of the a) 2.5 at%, b) 5 at% and c) 10 at%
CeO2/TiO2 nanocomposite samples.

Figure 7: a) UV-Vis absorption spectra recorded for the CeO2/TiO2 nanocomposites, as well as
pristine TiO2 (P25) and CeO2 nanoparticles for 30 mg L-1 suspensions prepared in ethanol. b)
Corresponding Beer-Lambert plots used to calculate extinction coefficient values.

Figure 9: Photoactivity assessment of the tested samples, highlighting the
relative absorbance behaviour of the crystal violet dye and the degradation
kinetics when exposed to a) UV radiation and b) solar simulated radiation.
Data represents the mean ± SEM (n = 3 experiments).

Figure 8: HaCaT cell viability after 24 h incubation with TiO2 (P25), 5 at% CeO2/TiO2
and CeO2 when exposed to UV radiation prior for a) 5 min and b) 15 min at an
intensity of 6 mW cm-2. HaCaT cell viability (% of control) refers to the normalized
absorbance readings for all nanoparticle, nanocomposite and cell only wells exposed
to UV irradiation relative to a control plate in absence of UV exposure for each
concentration tested. Data represents mean ± SEM (n = 3 experiments). One-way
ANOVA and Tukey post-hoc tests were performed to assess statistically different data
sets. * and ** refer to p < 0.05 and p < 0.01 when compared to the Cell Only data sets
for the corresponding concentrations. † and †† refer to p < 0.05 and p < 0.01 when
compared to the TiO2 (P25) data sets for the corresponding concentrations.

Figure 10: Possible mechanistic scheme for the improved HaCaT cell
viability observed after UV radiation exposure when in the
presence of the CeO2/TiO2 nanocomposite particles, detailing UV
light blocking and ROS scavenging by the surface bound CeO2
nanoparticles.

